Interindividual differences in the toxicity and response to anticancer therapies are currently observed for essentially all available treatment regimens. Such 'unpredictable' drug responses are particularly dangerous in the context of anticancer agents that have narrow therapeutic indices. Pharmacogenomics attempts to elucidate the inherited basis of interindividual differences in drug response, with the eventual goal of minimizing such variability through the use of 'individualized' treatments. There are several emerging examples of genetic polymorphisms of drugmetabolizing enzymes, DNA repair genes and drug targets that have been shown to influence the toxicity and efficacy of anticancer treatment. This review discusses the role of genetic variants of UGT1A1, TS and EGFR to exemplify the potential impact of phramacogenomics on the field of anticancer therapeutics. Oncogene (2003 Oncogene ( ) 22, 6621-6628. doi:10.1038 Keywords: pharmacogenomics; cancer chemotherapy; EGFR; irinotecan; thymidylate synthase
The ultimate goal of pharmacologic management of disease is to maximize the efficacy of therapeutic agents while minimizing their toxicity; the need to attain this goal is inherently more pronounced for anticancer agents. Despite significant gains in anticancer treatments, empiric dosing and the resultant heterogeneous drug response (including a few lethal toxicities) is the norm for anticancer therapeutics. It is now widely recognized that in addition to environmental and physiologic factors, inherited variability in drugmetabolizing enzymes, drug transporters and drug targets plays an important role in the unpredictability of anticancer treatment outcomes, when prescribed uniformly to all patients (Evans and Relling 1999; Ratain and Relling 2001; Innocenti et al., 2002 b; Nagasubramanian et al., 2003) . Individualized treatment based on prospective knowledge of risks and benefits to diminish the futility and risks associated with anticancer therapy is the goal to strive for in the post-genome era.
The genesis of pharmacogenetics, the study of the inherited basis of variable drug response, as a discipline dates back to the initial studies in the 1950s and 1960s, which first documented the association between altered drug toxicities to heritable differences in drug-metabolizing capacity (Kalow, 1956; Evans, 1968) . Pharmacogenomics extends the concept of pharmacogenetics, and can be broadly defined as the study of inherited differences in interindividual drug response variability using a whole-genome approach. Ideally, pharmacogenomics should eventually help eliminate the risk of 'unpredictable' toxicities, by prospectively identifying susceptible individuals who can receive individualized drug regimens based on their risk. It can also help in selecting therapies most likely to benefit individuals by estimating the probability of response. Thus, if the absolute potential of pharmacogenomics is attained, it can revolutionize anticancer therapeutics and make individualized treatment a reality.
This review will discuss examples of ongoing efforts in the field to illustrate the potential impact of pharmacogenomics, highlight the practical challenges of conducting translational work in the field and explore its future. The discussion of the literature pertaining to irinotecan will describe the future utility of pharmacogenomics in predicting and avoiding severe toxicities associated with such agents. The complexities of irinotecan pharmacology will also be discussed to demonstrate that clinically relevant genotype-phenotype associations for many drugs will require the comprehension of complex interplay among multiple genes. The pharmacogenomics of thymidylate synthase (TS) will illustrate how such information might assist in predicting the efficacy of anticancer agents in the future. The TS example will also underscore the controversies in the area, and explore the issues surrounding them. Finally, the role of pharmacogenomics in the new era of 'targeted' therapeutics will be surveyed by utilizing data related to the EGFR inhibitors currently under development. This review, although not comprehensive, will illustrate the potential of pharmacogenomics in improving anticancer therapeutics.
Irinotecan pharmacogenomics

Irinotecan: clinical background and pharmacology
Irinotecan, a topoisomerase I inhibitor, is a semisynthetic derivative of camptothecin, a plant alkaloid isolated from Camptotheca acuminata . It has demonstrated activity against various malignancies (Fuchs et al., 2003; Noda et al., 2002; Reardon et al., 2003) , and is currently approved for the treatment of colorectal carcinoma in the United States (Vanhoefer et al., 2001) . Irinotecan is a prodrug that needs to be activated by carboxylesterases to the active metabolite 7-ethyl-10-hydroxycamptothecin (SN-38) (Figure 1) (Humerickhouse et al., 2000) . Irinotecan also undergoes oxidative metabolism catalysed by CYP3A4 and CYP3A5 to various predominantly inactive metabolites, and the oxidative metabolism of CPT-11 reduces the CPT-11 available for carboxylesterase-catalysed activation to SN-38 (Santos et al., 2000) . The major pathway for SN-38 elimination is via glucuronidation to the inactive SN-38 glucuronide (SN-38G) . Although the overall pharmacology of irinotecan is quite complex, the clinical importance of irinotecan metabolism is well established. In particular, reduced glucuronidation of the active metabolite SN-38 is associated with increase in the two severe toxicities associated with irinotecan: diarrhea and neutropenia (Gupta et al., 1994; Iyer et al., 2002) . The late-onset diarrhea associated with irinotecan is believed to occur as a result of direct enteric injury caused by the biliary excretion of SN-38 (Araki et al., 1993) , and in previous studies conducted using the weekly schedule of irinotecan administration, SN-38 glucuronidation was observed to protect against the intestinal toxicities of SN-38 by decreasing its biliary excretion (Gupta et al., 1994) . Hence, polymorphic glucuronidation of SN-38 has appropriately been the focus of the early clinical pharmacogenetic studies involving irinotecan.
Pharmacogenetics of SN-38 glucuronidation
Uridine diphosphate glucuronosyltransferases (UGTs) are microsomal enzymes that catalyse the glucuronidation of numerous endogenous and exogenous substrates (Burchell et al., 1995) . The human UGTs are classified into UGT1 and UGT2 families, and further subclassified into subfamilies and isoforms, based on sequence homology (Mackenzie et al., 1997) . glucuronidation is catalysed by the polymorphic UDPglucuronosyltransferase 1A1 (UGT1A1), the enzyme responsible for bilirubin glucuronidation . UGT1A1 is the most extensively studied UGT isoform, and is known to contain over 30 genetic variants, many of which influence its expression and functional properties (Burchell and Hume, 1999; Tukey and Strassburg, 2000) . The UGT1A1 genetic polymorphisms are associated with several hyperbilirubinemic syndromes resulting from genetic traits characterized by absent or very low UGT1A1 activity (Burchell and Hume, 1999 ). Gilbert's syndrome characterized by mild unconjugated hyperbilirubinemia is relatively common (Sampietro and Iolascon, 1999) . The syndrome is typically associated with homozygosity for a dinucleotide (TA) insertion in the (TA) 6 TAA element in the UGT1A1 promoter resulting in variant allele (TA) 7 (UGT1A1*28), which leads to a 70% reduction in UGT1A1 gene expression as compared to the more common (TA) 6 allele (Bosma et al., 1995; Monaghan et al., 1996; Beutler et al., 1998) . The UGT1A1 activity appears to be inversely related to the number of TA repeats, since the transcriptional activity of the promoter decreases with an increase in the number of TA repeats (Bosma et al., 1995; Monaghan et al., 1996; Beutler et al., 1998) . The frequency of (TA) 7 homozygotes has been reported to be about 0.5-23% in various populations (Monaghan et al., 1997; Beutler et al., 1998; Burchell and Hume 1999) . The frequency of (TA) 7 homozygosity is much lower in the Asians compared to Caucasians and Africans; however, other missense mutations in the coding region of UGT1A1 have been described as a common cause of Gilbert's syndrome in the Asians (Figure 2 ). For instance, UGT1A1*6 (211G>A) is the most common amino-acid change reported in Asians, with reported allele frequencies in the range of 13-23% (Sato et al., 1996; Akaba et al., 1998) , and results in a 30% (heterozygotes) and 60% (homozygotes) decrease in bilirubin-glucuronidating activity. On the other hand, the frequency of Figure 1 Irinotecan metabolism -Irinotecan is inactivated by CYP3A4/5 to oxidative metabolites with minimal activity. Irinotecan is activated to SN-38 by carboxylesterase 2, and the active moiety eventually gets glucuronidated by the polymorphic UGT1A1, thus far the pathway that has been the focus of irinotecan pharmacogenetic studies Pharmacogenomics of cancer therapy AA Desai et al missense mutations is low among Caucasians. Compound heterozygosity for the promoter polymorphism and the coding region mutations has also been reported to cause Gilbert's syndrome in various Asian populations (Akaba et al., 1998; Huang et al., 2000) . Evidence of the fact that individuals with Gilbert's syndrome might be at an increased risk for drug toxicity has been illustrated by pharmacogenetic studies involving irinotecan, which will be described below (Ando et al., 2000; Iyer et al., 2002) .
Irinotecan pharmacogenetic trials
The clinical studies of UGT1A1 polymorphisms strongly suggest that patients deficient in SN-38 glucuronidation could experience increased irinotecan-mediated toxicity. Ando et al. (2000) retrospectively analysed the association between UGT1A1 variants and irinotecan toxicity. Their study was conducted in a Japanese population, and hence they attempted to elucidate the clinical significance of the UGT1A*28 mutation as well as the missense mutations, which are more common in the Asian populations. They evaluated the relationship between the severe toxicity of irinotecan (grade 4 leukopenia and/or grade 3/4 diarrhea) and UGT1A1 mutations (UGT1A1*28 in the promoter and UGT1A1*6, UGT1A1*27 in the first exon) in the study. The frequencies of UGT1A1 mutations in 26 patients with severe toxicity were compared to those in 92 patients who did not experience toxicity after irinotecan. The frequency of UGT1A1*28 was 3.5-fold higher in patients with toxicity compared to patients without toxicity (Po0.0001). Although UGT1A1*6 is highly prevalent among Asian patients with Gilbert's syndrome, UGT1A1*6 frequency was not significantly different between the two groups. All the three patients who were heterozygous for UGT1A1*27 experienced severe toxicity. This study also showed that combined mutations (i.e., presence of both UGT1A1*28 and one of the coding mutations) might increase the risk of toxicity (four out of five patients carrying both UGT1A1*28 and either UGT1A1*6 or UGT1A1*27 suffered life-threatening toxicities). Multivariate analysis demonstrated that the presence of UGT1A1*28 allele was a risk factor for severe toxicity (Po0.001, odds ratio of 7.23, 95% CI of 2.5-22.3).
There is also evidence to suggest that a À3279G>T change identified in the phenobarbital-responsive enhancer module (PBREM) of UGT1A might contribute to hyperbilirubinemia in Asians (Sugatani et al., 2002) . Innocenti et al. (2002) have recently reported that the common promoter variants are in linkage disequilibrium, and that the haplotype structure of UGT1A promoter is likely to be different among various races. These results demonstrated significant linkage disequilibrium between two variant sites in the PBREM (À3279G>T and À3156G>A) and the (TA) n polymorphism (Po0.0001) in the Caucasian population, whereas the linkage disequilibrium was not as significant in the African-Americans. This information suggests that future analysis should also consider including the PBREM variants for data analysis. Acuna et al. (2002) have recently reported the haplotype structure for UGT1A, and their study demonstrates the potential benefit of using haplotypes for performing genotypephenotype association studies. Generally, it appears that for most genotype-phenotype association studies data analysis might be more robust if the association studies are carried out based on haplotype structures of the genes of interest. Undertaking association studies based on individual single-nucleotide polymorphisms (SNPs) might miss true correlation, as information provided by such studies has the risk of overlooking variants in linkage disequilibrium with other genes or regulatory regions of interest.
Next, the preliminary results of a prospective pharmacogenetic trial that recently completed patient accrual at the University of Chicago will be discussed. The trial was based on the initial in vitro studies that demonstrated a good concordance between the UGT1A1 TA indel genotype and SN-38 glucuronidation (Iyer et al., 1999) . The trial was designed to evaluate the role of UGT1A1*28 polymorphism in the toxicity and disposition profiles of irinotecan, given at 300 mg/m 2 every 3 weeks (Iyer et al., 2002) . In 20 cancer patients, the pharmacokinetics of SN-38 relative to SN-38G were markedly altered by UGT1A1*28; UGT1A1*28 carriers had significantly lower SN-38G/SN-38 AUC ratios compared to UGT1A1*1 subjects. As SN-38 AUC was inversely related to ANC nadir (r ¼ -0.81, Po0.0001), more severe neutropenia was reported in UGT1A1*28 carriers compared to UGT1A1*1 carriers (nonparametric trend analysis, P ¼ 0.04). All UGT1A1*1 patients had grade 0-1 diarrhea and neutropenia, and higher grades of toxicity were observed in patients with the UGT1A1*28 allele. Moreover, a trend towards worse diarrhea was observed in patients with the UGT1A1*28 allele. This trial was subsequently amended to study the pharmacogenetics of irinotecan, given at the indicated dose of irinotecan of 350 mg/m 2 on the 3-week schedule. The study was designed to enroll 60 patients, to investigate a relationship between UGT1A1 genotype and grade 3 þ diarrhea. However, the incidence of grade 3 þ diarrhea on the trial was much lower (5%) than expected based on the literature (Vanhoefer et al., 2001; Fuchs et al., 2003) . The observed incidence of grade 4 neutropenia was 8%, and preliminary analysis of the data demonstrates a significant association between the UGT1A1 genotype and grade 4 neutropenia (Po0.001). Among the 28 patients who were homozygotes for the common allele (UGT1A1*1), none experienced grade 4 neutropenia; whereas 3/6 patients homozygous for the variant allele (UGT1A1*28) experienced grade 4 neutropenia .
Thus, several observations from different institutions have pointed out that UGT1A1 mutations can change patients' exposure to SN-38, and, hence, their susceptibility to toxicity. UGT1A1 promoter polymorphism is clinically relevant, due to the more severe toxicity observed in patients with UGT1A1*28 allele. At the present time, we do not know whether irinotecan dose modification based on genotype is appropriate, since dose reduction in patients at risk for toxicity may result in a decreased response. The only clinical recommendation that can be made is that the drug should be used with caution in patients with Gilbert's syndrome, based on either UGT1A1*28 genotyping or an elevated unconjugated bilirubin level. Currently, the role of other genetic determinants in irinotecan pharmacology is also unknown. To address this issue, the prospective trial described earlier will also evaluate the functional role of CYP3A, carboxylesterase and MDR1 variants as well. Based on the irinotecan pharmacology, it is certainly plausible that these additional variants might also contribute to the altered drug response of irinotecan. The planned multivariate analysis for the trial will attempt to elucidate the clinical importance of different environmental and genetic factors affecting the safety and efficacy of irinotecan. The prospective clinical trial also demonstrates that even meticulously planned studies might not demonstrate clinically relevant associations as a result of unpredictable changes in the incidence of assumed clinical end points, either due to selection bias associated with nonrandomized studies or unpredictable changes in prospectively assumed clinical outcomes for uncertain reasons. Nonetheless, conservatively planned and adequately powered studies that utilize multiple end points can minimize the chances of failure.
TS Pharmacogenomics
TS is a folate-dependent enzyme that catalyses the reaction of deoxyuridine-5 0 -monophosphate to deoxythymidine-5 0 -monophosphate. It is widely regarded that inhibition of TS is one of the major targets for fluorouracil (5-FU) and its anticancer activity (Johnston et al., 1992 Leichman et al., 1997) . Overexpression of TS has been linked with resistance to 5-FUbased therapies. TS overexpression has also been linked to poor prognosis of patients with various malignancies, and is inversely related to clinical response (Johnston et al., 1994; Pestalozzi et al., 1995; Lenz et al., 1996; Kornmann et al., 1997; Aschele et al., 1999) . The control mechanism of TS regulation is quite complex, and involves various regulatory steps from the level of transcription to post-translation (Chu et al., 1991 (Chu et al., , 1999 Dolnick, 2000) . The TS expression has been reported as being partially controlled by a polymorphism in the thymidylate synthase enhancer region (TSER) consisting of variable number of copies of a 28-base pair (bp) tandem-repeat sequence (Horie et al., 1995) . In the TSER, two, three, four and nine copies of the 28-bp repeats (TSER*2, TSER*3, TSER*4 and TSER*9) have been described, with TSER*2 and TSER*3 being the common alleles in all the populations studied (Kaneda et al., 1987; Horie et al., 1995; Marsh et al., 2000; Luo et al., 2002) . In vitro studies have demonstrated that increasing number of tandem repeats leads to an increase in TS gene expression and TS enzyme activity (Kawakami et al., 1999) . The relative probability of response to therapy has also been correlated with the TSER genotypes in several studies. Pullarkat et al. (2001) reported that individuals homozygous for the TSER*3 allele had a 3.6-fold higher TS mRNA levels compared to individuals homozygous for TSER*2 allele. TSER*2 carriers were noted to have a relatively higher probability of pathological downstaging after neoadjuvant chemoradiotherapy, compared to TSER*3 homozygotes with rectal cancer (Villafranca et al., 2001) . In another study, TSER variants were evaluated in the liver metastases of patients, and the analysis suggested that TSER*3 homozygotes demonstrated higher overall TS expression and a lower response rate compared to TSER*2 homozygotes (Marsh et al., 2001) . There are other similar examples in the literature as well (Grau et al., 2003; Kawabe et al., 2003) ; however, most of the studies have been small retrospective studies; hence, their applicability in clinical practice is currently limited. Also, different studies have utilized different methods (ranging from real-time PCR to immunohistochemistry) and tissues (tumor versus surrogate peripheral tissues) to quantify TS levels, thus making direct comparisons of the results problematic. Adding to the argument are reports suggesting that TS genotype might not necessarily correlate with protein levels or mRNA levels in some instances (Soong et al., 2003) . A recent report by Mandola et al. (2003) might change the landscape of this science if confirmed clinically. The investigators have identified two and one USF family Ebox consensus element(s) within the tandem repeats of TSER*3 and TSER*2 alleles, respectively (Figure 3) . In vitro, these consensus elements were demonstrated to bind USF proteins, and USF-1 binding enhanced TS transcription. Furthermore, the additional USF consensus element found only with TSER*3 was shown to Figure 3 The 28-bp tandem repeat regions of the two most common TS variants TSER*2 and TSER*3 (consisting of either two or three repeats, respectively) are depicted (adapted from Mandola et al., 2003) . The shaded regions represent the newly identified putative E-box binding site for upstream stimulatory factor (USF). The USF consensus elements are present in repeats 1 and 2 of TSER*3, and only in repeat 1 of TSER*2. The last repeat in both TSER*2 and TSER*3 contains a G>C change (arrows) that disrupts this site. A novel G>C SNP (asterisk), only identified within the USF consensus element of second 28-bp repeat of TSER*3, decreases the in vitro transcriptional activation of TS Pharmacogenomics of cancer therapy AA Desai et al confirm transcriptional advantage to TSER*3 over TSER*2. The authors have also identified a novel G>C SNP in the second of the three 28-bp repeats of TSER*3. The novel G>C variant is within the USF consensus element; thus, it alters the USF protein binding to the element, and leads to a decrease in TS transcription. The new variant was prevalent at a high frequency (range 28-56%) in the four populations (nonHispanic whites, Hispanic whites, African Americans and Singapore Chinese) that were studied. The authors also propose that this novel SNP should be genotyped in future pharmacogenomic trials of TS inhibitors, as they expect the new SNP to be more predictive of drug response. These new data are quite provocative; however, they need to be confirmed in the clinical arena. A simple starting point for testing the new hypothesis would be to utilize available tissue from the previous retrospective trials that have investigated TSER variants, and examine the relevance of the new SNP using the existing drug response data. Eventually, prior to routine clinical use, the proposed hypothesis will have to be proven in prospective clinical studies.
EGFR pharmacogenomics: paradigm for targeted therapeutics
The improved understanding of different aspects of cancer biology over the past two decades has led to identification of several new putative therapeutic targets, which has also led to an increased focus on development of 'targeted' therapeutics. One of the important distinctions in the development of the new targeted agents is that the use of traditional dose-finding studies based on maximum tolerated dose (MTD) as an approach has been questioned (Stadler and Ratain, 2000; Korn et al., 2001) . The paradigm of defining 'maximum effective dose' based on nonclinical and clinical pharmacodynamic studies to identify therapeutic concentrations sufficient for inhibition of the desired targets is being considered more relevant. Furthermore, some of the novel agents are also being thought of as diseasestabilizing agents that would require prolonged treatment durations (Kohn et al., 1997; Hidalgo et al., 2001 ). In such instances, even the traditional 'moderate' toxicities considered tolerable for cytotoxic agents administered over relatively short durations can become 'dose-or compliance-limiting' toxicities. Therefore, identifying the pharmacodynamic consequences of genetic variation and minimizing the unpredictability becomes critical during early development of the agents. A significant amount of work over the past 10 years has suggested that various growth factors and growth factor receptors play crucial roles in the pathogenesis of human malignancies, and the epidermal growth factor receptor (EGFR) is one of the more extensively studied growth factor receptors. EGFR, a membrane spanning 170-kDa glycoprotein, stimulates cell proliferation after ligand binding and receptor dimerization (Savage and Cohen, 1972; Adamson and Rees, 1981; Carpenter, 1987) . Extensive data have implicated the EGFR signaling pathway in both carcinogenesis and prognosis of various solid tumors, and activation of EGFR tyrosine kinase (TK) has been identified as a key event that initiates intracellular signaling, which regulates cell proliferation, differentiation and survival (Salomon et al., 1995; Akimoto et al., 1999; Chen et al., 2000; Porebska et al., 2000; Sung et al., 2000; Ciardiello and Giampaolo, 2001) . Overexpression of EGFR is a prevalent alteration of the EGFR pathway in human tumors, and the level of EGFR expression is predominantly regulated by the abundance of its mRNA (Merlino et al., 1985a,b) . The transcription initiation of EGFR gene derives from multiple initiation sites within a GC-rich promoter region (Ishii et al., 1985) . The first intron of EGFR has been shown to regulate gene transcription, and it contains a CA dinucleotide repeat sequence that is highly polymorphic and is located in proximity to a transcriptional enhancer element (Maekawa et al., 1989; Haley and Waterfield, 1991; Chrysogelos, 1993) (Figure 4 ). The CA repeat lengths varied from 14 to 21 in a Caucasian population, with the most common alleles containing 16 (42%), 18 (20%) and 20 (26%) repeats (Chi et al., 1992) . Gebhardt et al. (1999) have reported an inverse correlation between the number of CA repeats present and the EGFR gene transcriptional activity. Recently, several new anticancer agents have been developed to either cause extracellular or intracellular blockade of EGFR function and/or its cellular signaling pathway (Peus et al., 1997; Fry et al., 1999; Ciardiello and Giampaolo, 2001) , and EGFR inhibitors have demonstrated promising activity against various malignancies (Kris et al., 2002; Saltz et al., 2002; Cohen et al., 2003) . Skin rash has been the most commonly observed toxicity associated with the various EGFR inhibitors; interindividual differences in the onset, duration and severity of the rash have been observed, and no threshold plasma levels have been linked to the occurrence of the rash (Hidalgo et al., 2001; Bruno et al., 2003) . Most intriguing are emerging data demonstrating a significant correlation between skin rash and survival among various patients treated with different anti-EGFR therapies (Clark et al., 2003; Saltz et al., 2003 , Cohen et al., 2003 . There are several potential hypotheses being put forward to explain both the variable toxicity and efficacy of EGFR inhibitors. One such hypothesis proposes that variability in clinical observations is related to variable drug Figure 4 EGFR 5 0 -region including the promoter, exon 1 and part of intron 1 are depicted. Also shown are three enhancer (open boxes) elements E1, E2 and E3, identified to play an important role in EGFR transcription. The EGFR promoter lacks consensus sequences such as a TATA or CAAT box. A highly polymorphic CA dinucleotide repeat sequence (repeats ranging from 14 to 21) is located in proximity to E2. In vitro, EGFR transcription activity has been demonstrated to inversely correlate with numbers of CA repeats in intron 1 exposure. For example, the small-molecule EGFR tyrosine kinase inhibitors geftinib and erlotinib are metabolized by CYP3A, and it is certainly plausible that individuals with variant CYP3A alleles might have differences in drug exposure. This hypothesis will be investigated in clinical trials with the strategy of dose escalating the EGFR inhibitor of interest to maximize the number of patients with skin rash in order to increase the efficacy. This approach reverts the drug development process to the more empirical approach of dose escalation to the toxicity ceiling, the strategy that targeted therapies were supposed to avoid. One example of an alternative strategy to understand the drug response discrepancies of the EGFR inhibitors is a recently initiated prospective clinical trial at the University of Chicago, in which all the patients are being treated at the recommended phase II dose of erlotinib, while pharmacokinetic, clinical, pharmacodynamic (skin biopsies) and genotyping data are being prospectively collected to elucidate the underlying determinants of variable drug response. The previously described CA dinucleotide repeat polymorphism might influence the drug response due to differences in target expression. Data that indirectly lend support to this hypothesis come from a higher response rate observed in Japanese patients compared to Caucasian patients (when treated with geftinib) two populations with a difference in the frequencies of the EGFR dinucleotide repeat variants Liu et al., 2003) . The prospective trial of erlotonib being conducted at the University of Chicago is also designed to collect samples for genotyping the EGFR polymorphisms of interest, and correlating it with EGFR expression along with the other prospectively collected data for multivariate analysis to better understand the interindividual differences in EGFR inhibitor drug response. One limitation of the trial is that the data being collected will not directly capture genotypic or phenotypic information regarding the tumor tissue itself.
However, given the abundant EGFR expression in skin tissue, and the observed association between skin toxicity and tumor response; the use of surrogate tissue in this instance might be justified. Nonetheless, this issue highlights an important hurdle in conducting translational work in this field, since obtaining tumor biopsies in prospective trials for hypotheses generation is not a trivial matter for obvious ethical and practical concerns. A reasonable approach is to try and validate relevant hypotheses using nonclinical and surrogate clinical tissues, prior to embarking upon more ambitious prospective trials requiring extensive procedures. Improvement in available techniques such as tissue microarray technology that would allow extraction of relevant pharmacogenomic data more reliably from archived tissues might also resolve some of the current problems.
The dialogue regarding variable drug response of the targeted agents is in its infancy, and the debate will certainly carry forward perhaps at a more sophisticated level as the science relevant to their development matures. However, despite all the current limitations, it is still prudent to intensively pursue plausible mechanisms of unpredictable drug response in the early development of these agents for their efficient and optimal development.
Conclusion
The intrinsic potency of cytotoxic agents, their narrow therapeutic index and use at maximally tolerated doses render anticancer agents a high-risk treatment for patients who deviate from the average population. Hence, identifying the heritable differences responsible for either the occurrence of toxicity or lack of efficacy will reduce the unpredictability of cancer treatment, in particular because adjusting the dose by body surface area does not correct for interindividual differences in drug disposition. The availability of effective, straightforward and reliable genetic techniques can change the way patients will receive anticancer therapy in the future. Thus, it becomes essential that clinical pharmacologists and oncologists include pharmacogenetic investigation and DNA collection into early phases of clinical drug development. The future anticancer trials should include strategies designed to understand the role of genomic covariates, in order to realize the goal of individualized anticancer therapy. This brief and ostensible discussion pertaining to pharmacogenomics also highlights the need of extensive multidisciplinary efforts that will be required to make the field clinically relevant. The task will continue to become more feasible in the future with the rapid advances in high-throughput genotyping methods, increasing the understanding of pharmacogenomic trial methodology and continued expansion of bioinformatics.
